ABSTRACT Wireless sensor networks (WSNs) are widely applied in various industrial applications. In this paper, we present an efficient data gathering scheme that guarantees the Quality of Service and optimizes the following network performance metrics as well as the end-to-end reliability in WSNs: 1) minimum total energy consumption; 2) minimum unit data transmitting energy consumption; and 3) maximum utilization efficiency defined as network lifetime per unit deployment. We first transform the performance optimization problem into a problem to optimize the following parameters: 1) deployed nodal number N * ; 2) nodal placement d * ; and 3) nodal transmission structure p * . Then, we prove that the optimization problem is solvable mathematically. For our observation, the sensor nodes close to the sink trend failed early since they consumed more energy with heavier relay traffic destined for the sink, which seriously affects the network performance. The key point of this optimization is adopting lower reliability requirements and shorter transmission distance for nodes near the sink. Consequently, this reduces the energy consumption of the nodes in the hotspot area. Meanwhile, it adopts higher reliability requirements and farther transmission distance for nodes far from the sink to make full use of the node residual energy, so as to optimize the network performance without harming network reliability. Numerical simulation results demonstrate that our optimal approach improves the network lifetime by 18%-48% and network utility by 17%, and guarantees desire reliability level.
Due to economic reasons, researchers want to deploy nodes in the network as few as possible. In addition, due to the bit error during the wireless transmission in WSN, it is a challenging issue to guarantee the applications such as environment (temperature, humidity), agriculture (water tank, irrigation) [25] with that each data packet is delivered to sink with statistical reliability such as 90-95% [25] , [26] .
Zhang et al. [23] show that the network performance is significantly improved by optimizing network parameters. These parameters include deployed node number N * [33] , node placement d * and node transmission structure P * [34] . The network performance is optimized in the physical layer, network layer, or both of them. Some works analyze the optimal transmission range from physical layer [35] . Chen et al. define the optimal one-hop length for multi-hop communications to minimize the total energy consumption and analyze the influence by channel parameters on this optimal transmission range in a linear network [36] . Gao et al. study the same issue with a Bit-Meter-per-Joule metric by analyzing the effects of the network topology, the node density and the transceiver characteristics on the overall energy consumption [37] . There are some other researches on utility based optimization. Yunxia Chen et al. introduce a performance measurement of utilization efficiency defined as network lifetime per unit deployment cost [34] . In addition, except for the lifetime utility tradeoff, there are another tradeoff between network lifetime and the end-to-end delay which is considered separately in literature [38] .
In this paper, we propose utilization based optimal approach. The main innovations of this paper are summarized as follows:
(1) We prove mathematically that there is an optimal node number N * , node placement d * and node transmission structure P * which achieve minimum energy consumption for data collection and unit data transmitting of Wireless Sensor Networks under Rayleigh fast fading channels.
The optimization goal is converted as following: Optimization of node number N * , node placement d * and node transmission structure P * . For different networks and applications, we formulate network configuration for optimal utilization efficiency as a multi-variety nonlinear optimization problem by joint optimizing of sensor placement, transmission structure, and deployed node number under the desired level of reliability. Meanwhile, we also propose the solving methods in this paper.
(2) We propose an optimal approach which maximizes utilization efficiency, and give the solvability conditions mathematically.
We dramatically improve the network lifetime through the optimizing design without increasing network cost. Since energy consumption is much higher in the near region than the far region from the sink, we take the following two measures to improve network lifetime: Firstly, we decrease node transmission distance for the nodes near the sink and increase it for the nodes far from the sink to balance node energy consumption in the network. Secondly, we adopt lower reliability requirement for the nodes near the sink but higher for the nodes far from the sink, which decreases node energy consumption in the region near the sink and improve the node reliability for nodes far from the sink. Thus, the energy consumption is increased in the far region, which improves network lifetime by desired level of reliability.
(3) Through our extensive theoretical analysis and simulation, we demonstrate that both utilization performance and reliability are achieved simultaneously. We also demonstrate that our optimal approach is superior to the previous studies from either total energy consumption, unit data transmitting energy consumption or network utilization performance.
The rest of this paper is organized as follows: The system model and problem statement are described in Section 2. In Section 3, we present optimizations for different networks under Rayleigh fast fading channels. In Section 4, we analyze the experimental results and conclude this paper in Section 5.
II. THE SYSTEM MODEL AND PROBLEM STATEMENT A. ENERGY CONSUMPTION MODEL
The energy consumption model in this paper is same with Ref. [7] , [11] , [23] . According to [7] , [11] , and [23] , the energy consumption for the transmission of one packet E p is composed of three parts: the energy consumed by the transmitter E t , the receiver E r and the acknowledgement packet exchange E ACK :
The energy model for transmitters and receivers [6] , [16] are given respectively by:
And:
Where P t is the transmission power, N head is the number of the bits of synchronization packet in physical layer, and R code is the code rate. The other parameters are shown in Table 1 . The energy expenditure model of an acknowledgment is given by:
While:
Where τ ack is the ratio between the length of an ACK packet and that of a DATA packet. N ack is the number of bits of overhead in a ACK.
The energy model for each bit is: Where E b , E c and k 1 are respectively the total, the constant and the variable energy consumption per bit. Put (1)-(4) into (6), we get:
Where:
B. REALISTIC UNRELIABLE LINK MODEL
The realistic unreliable link model is also same with Ref. [7] , [11] , [23] . The unreliable radio link probability (pl) is defined using the Packet Error Rate (PER):
Where PER(γ ) is the PER obtained from a Signal to Noise Ratio (SNR) γ . And γ x,x is defined as follow:
With
Where d hop is the distance between node x and x , λ is the wavelength, R s is the symbol rate. Other parameters are presented in Table 1 . Note R b = R s · b, where b is the modulation order. The unreliable link models are approximated for Rayleigh fast fading channels respectively as follows Ref. [23] :
Where α m and β m rely on the modulation type and order, e.g., for Multiple Quadrature Amplitude Modulation (MQAM), α m = 4 1 − 1/ √ m /log 2 (M ) and β m = 3 log 2 (M )/(M − 1). For BPSK, α m = 1 and β m = 2.
C. PROBLEM STATEMENTS
(1) We define the total energy consumption for transmitting one bit to the sink as E tot .
(2) We define energy consumption rate ξ as transmitting one bit to the sink with energy consumption E tot divided by the number of nodes (n) participating in transmission, i.e.,
(3) We define network lifetime as the time until any sensor runs out of energy (the first failure) [15] , [28] , [35] . We define utilization efficiency η as network lifetime divided by the number of deployed sensors N , i.e.,
To describe the tradeoff between network lifetime and deployment cost, we use utilization efficiency η that indicates the rate of network lifetime increases with the number of nodes.
Our design goal is finding the optimal number of nodes N * , sensor placement d * , and transmission structure P * to minimize E tot and ξ and maximize utilization efficiency η, i.e.,
Although the optimization goal of (15) is classified into three categories, i.e. N * , d * , P * , optimization factors are often complex and frequently changing in the actual network. In applications, all of these three factors are variable. For instance, in a linear network, the number of nodes N * , the node deployed position d * and the node transmission structure P * are able to be optimized. However, in many applications, certain factors may have been determined and the problem is transformed into an optimization problem under certain restrictions. For instance, if the number of deployed nodes N has been determined in the grid network, the optimization goal turns into selecting appropriate placement d * , as well as arranging a suitable transmission structure P * .
Meanwhile, the network must ensure the requirement that the end to end reliability meets the minimum requirements C of the application, as shown in equation (16) .
In summary, the optimization goal of this paper is shown in the following equation:
Single-source linear network is shown in Fig. 1 . In such networks, there is only one node S n that generates data. Since long distance communication has high energy consumption and reduces communication reliability, it needs to deploy some node for forwarding data between node S n and the sink, i.e. S 1 , S 2 ,...S n−1 . Considering the node number is n, and the total energy consumption is E tot , then ξ = E tot n . We denote the same energy consumption of each node as ξ . Network lifetime = S N ,N = 1 in which E ini is the node initial energy then η = N = E ini = (nξ ) = E ini /E tot . The optimization goal of minimizing ξ is the same with that of maximizing utilization efficiency η. Therefore, the optimization in single-source linear network is converted to: After that, we analyze the energy consumption in single-source linear network under Rayleigh fast fading channels.
Considering the distance between two nodes is d hop , data is sent to the sink via D/d hop hops to meet the reliability better than C, which is present as following:
Considering the network is under Rayleigh fast fading channels, with equation (18), we get the transmission power P t as follows.
Where γ is the S/N (signal-to-noise ratio), pl g (γ ) is the reliability, other parameters are shown in Table 1 .
Then, the energy consumption for source node sending one bit data is:
Thus, the total energy consumption for one bit source node data to the sink is:
In the above optimization goals, D/d hop is the number of deployed nodes N . Zhang et al., [23] prove that the network energy consumption is balanced when the distance between nodes is the same, which achieves the highest efficiency. Since only d hop is a uncertain parameter, the optimization goal is converted to selecting an appropriate d hop to minimize E RFF t,1 . Theorem 1: For single-source linear network under Rayleigh fast fading channels, there must be an optimal d hop which minimize network total energy consumption E RFF t,1 . Proof: 
Using L' Hospital rule, we get a derivation as follows.
Therefore, Theorem 1 is proved.
To describe Theorem 1 for better understanding, we present an example as shown in Fig. 2 . With the energy consumption under D=24, C=0.9 and different d hop under Rayleigh fast fading channels, there is an optimal d hop = 6 minimizing the total network energy consumption. 
B. MULTI-SOURCE LINEAR NETWORK
In common linear network, each node monitors the surrounding environment and generates data which is called as multi-source linear network. This type of linear networks is widely applied to monitor roads, oil pipelines, border detection, etc. As shown in Fig. 3 , there are n nodes linearly deployed in the network and each node generates data and transmits them to the sink. To the node S 1 nearest to the sink, the data load is n data packets, to the node S 2 , it is n-1 data packets,....., and to the node S n , the data load is one data packet.
For multi-source linear network, there are three optimization goals: min Theorem 2: Consider the number of equidistantly deployed nodes is n. Then the energy consumption for node i is:
Where
Proof: Obviously, in the network as shown in Fig. 3 , the data load of node i is (n − i + 1). Considering the number of bits for each data packet is ς , the data load is (n − i + 1)ς. According to (22) , we get:
Then:
Theorem 3: Under Rayleigh fast fading channels, in a linear network with length D, there are n nodes of which each one generates one data packet in one data collection round and sends it to the sink. If they are equidistantly deployed, the network total energy consumption is the minimum.
Proof: First, we analyze the total energy consumption when nodes are equidistantly deployed:
While when nodes are not equidistantly deployed, it is:
Then we prove the following:
Reorganize the above inequality, we get:
Simplify the above inequality:
The following we prove (29) .
Where λ = 0 is Lagrange multiplier. According to Lagrange multipliers: (30) shows that when ∂E 1 /∂d 1 = ... = ∂E n /∂d n = −λ, F obtains the minimum value. Since all nodes are same,
> 0, we know that: if the above equation is bigger than 0 when α > 2, since ∂E/∂d is a function with d which is strictly monotonically increasing, (29) is solvable as (29) is proved. Theorem 2 and Theorem 3 show that the total energy consumption is the minimum when it is equidistant between nodes. Therefore, if the number of deployed nodes is n, the optimization of node placement d * is to deploy these n nodes equidistantly.
After that, as described as following, we determine the node number n to minimize the energy consumption of the network data collecting 
Reorganize the above equation, we have:
Put n = D/d hop into the above equation:
Put α = 3 into the above equation, we get:
are both bounded values (see proof below). Thus, when d hop → 0, we get 
For lim
which is the type of 0/0, with L' Hospital rule, we get:
To describe Theorem 3 for better understanding, we propose an example. As shown in Fig. 4 , from the total energy consumption under different node numbers in Rayleigh fast VOLUME 3, 2015 fading channels for multi-source linear network, the optimal value is brought by D=240m, n=24.
Theorem 3 proves that the network performance is optimal when n nodes are equidistantly deployed. Theorem 4 shows that there must be an optimal node distance d hop to minimize network energy consumption, which means there must be an optimal n to minimize network consumption. In fact, theorem 4 gives the minimum total energy consumption E RFF t,2 for data collection. However, since the number of nodes is different in routing path, according to the definition in section 2, the goal is to maximize ξ , which is to minimize unit node energy consumption defined as follows.
Then the optimization goal is to minimize E RFF p,2 , which is min{E RFF p,2 } Theorem 5: For multi-source linear network in Rayleigh fast fading channels, there is a d hop to achieve minimum
Proof:
Substitute n = D/d hop into the above, we have: Fig. 5 , with E RFF p,2 under different node l number n for multi-source linear network in Rayleigh fast fading channels, there is an optimal n to minimize E RFF p,2 . Therefore, if nodes are uniformly distributed when n is determined, the network total energy consumption is the minimum as well as the energy consumption per node. Additionally, there is an optimal n which minimizes network total energy consumption and energy consumption per node. As a result, it is unnecessary that optimal n is the same.
As discussed previously, although energy utilization can be optimized, it is not necessarily optimized when optimizing total energy consumption. It is because that the network lifetime is determined by the nearest node to the sink that has the maximum energy consumption while in multi-source network. Therefore, the network utilization optimization is to minimize the energy consumption of this node. That is:
After previous optimization, with the determined network node number n, the node data load is also determined, hence the energy consumption for all other nodes is a constant P t calculated as the following:
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Obviously, to decrease node energy consumption, it is needed to decrease the transmission distance d hop or the reliability C.
First, we discuss how to decrease d hop for nodes near the sink and increase d hop for nodes far from the sink. As shown in Fig. 6 , since the node's data load is much higher for nodes nearer to the sink, we decrease the transmission distance to decrease the energy consumption for unit data transmission. Then, the question is converted to how to determine Fig. 6 . To optimize (31), the distance d 0 >0 between two nodes is greater than a specified constant value.
Theorem 6: For multi-source linear network under Rayleigh fast fading channels, to solve a set of
is to solve the following:
Proof: The network lifetime is the maximum when all node energy consumption equals, that is, to achieve the same energy consumption for all n nodes. While
We need E i = E j (i = j) and
we get the following equation set:
As known from the previous proof:
Substitute the above into (34), then:
, put the above into (36), then:
After put the above equation into (35) with reorganization, we get:
The solvability criterion of (33) is as follows.
Proof: We compute the front n − 1 equations of (33), which is:
, we put them into n th equation in (33), which is: 
Therefore, the original equation has solutions and we get the appropriate solution.
For a network with node number n=6, it is the optimal when these six nodes have the same energy consumption,
Similarly, we can get the following: 
Substitute the factors and then we can get: φ 1 = 53.14%. That is to say the lifetime can be enhanced 53.14%. For Rayleigh fast fading channels, we can decrease the energy consumption for node i near the sink by decreasing the node reliability c i , and increase the energy consumption for nodes far from the sink by using remaining energy, in order to ensure the reliability of the entire routing meet the requirement of applications. Then, we get Theorem 7.
Theorem 7: For multi-source linear network under Rayleigh fast fading channels, there is c 1 ≤ c 2 ≤ c 3 , ... ≤ c n which achieves min max E i,2 | i ∈ {1..n}, S.t.
Proof: With the existed conditions, we get the energy consumption as follows.
Consider there are n nodes, if the energy consumption is balanced, we get the equations as follows.
With equation (39) and (38), the energy consumption is as follows.
put into (41) and get energy consumption as follows.
With n 1 = 1/nN b , the energy consumption is converted to following equation.
We put this energy consumption to the equations in (40) and get two equations as follows.
Compute the front n − 1 equations of (40), that is:
After that, we put above equation into the last one in (40).
We set
Obviously, when C 1 = 0, we get H 1 (C 1 ) < 0; When C 1 = 1, we get H 1 (C 1 ) > 0, since H 1 (C 1 ) is a continuous function. As a result, there is a solution in C 1 ∈ [0, 1] which achieves H 1 (C 1 ) = 0.
C. GRID NETWORK
In this section, we discuss the optimization problem in a two-dimensional network which is a mesh network [28] . In this network, nodes are regularly deployed in intersections of rows and columns and the sink is located in the intersection of bottom left row and column, as shown in Fig. 7 . In the grid network, each node generates one data sent to the sink and the transmission direction is restricted in downward or leftward direction with the same probability. In this section, we calculate the energy consumption for each node in the network and discusse how to optimize network performance.
Theorem 8: In grid network, the node's data load is:
Proof: The size of B i,j denotes the data amount received by S i,j . First, we analyze S n,j . Since B n,n = 1, 
Therefore, the Theorem 8 is proved.
Different from linear networks previously discussed, since there are multiple rows and columns of nodes with different data loads, optimization in the grid network is more complex. Considering network lifetime is determined by the lifetime of nodes which have the maximum energy consumption, with the symmetrical network structure, if these nodes in a row or column are optimized, the lifetime of the entire network is maximized.
Theorem 9: In a grid network, nodes in the first row or column have the maximum data loads.
Proof: According to the second equation in (44), we get the data load for each node in n th row. Since B n,i > B n,j (i < j), we analyze n − 1 th row as follows.
Similarly, we get B n−1,1 > B n−1,2 and B i,1 > B i,2 (1 ≤ i ≤ n) to prove Theorem 9.
Then, we discuss the optimization in Rayleigh fast fading channels for the grid network. The number of nodes is determined in the grid network, which is n × n with determined deployment cost. The optimization goal is maximizing the network lifetime. In this section, we propose two optimization approaches, in which one is to optimize d * and the other is to optimize P * .
Theorem 10: In the grid network with Rayleigh fast fading channels, the maximum energy consumption of nodes in first row or column is balanced when d i of node i meets:
Proof: According to (49), we get the optimal d i (1 ≤ i ≤ n) if the energy consumption of nodes in first column is optimized. First, to solve optimal d i (1 ≤ i ≤ n), we define the energy consumption of the node in column i and row 1 is 1 . With previous analysis in the linear network, we get the optimal d i (1 ≤ i ≤ n) when the energy consumption is balanced as follows.
...
With the Rayleigh fast fading channels, we get the energy consumption as follows.
) (50)
Therefore, Theorem 10 is proved.
Proof: Compute the front n − 1 equations of (49), we get
We represent all d i with d 1 (D ≥ d 1 > 0) and substitute them into n th equation as follows.
and Inference 2 is proved.
To further reduce the energy consumption near the sink, we reduce the node reliability near the sink and increase the node reliability far from the sink to achieve total
Theorem 11: In the grid network with Rayleigh fast fading channels, the energy consumption of nodes in the first row VOLUME 3, 2015 or column is balanced if reliability c i of node i meets the conditions as follows.
is obtained, the problem is converted to solve optimal
, which is the same with the linear network as follows.
, we get the energy consumption as follows.
Substitute the above formula into the equation set, we get:
First, compute the front n − 1 equations of the above equation set, we get:
We represent all C i with C 1 as follows.
H 2 (C 1 ) < 0 when C 1 = 0 and H 2 (C 1 ) > 0 when C 1 = 1. Since H 2 (C 1 ) > 0 is a continuous function, there is a reliability C 1 ∈ [0, 1] to achieve H 2 (C 1 ) = 0.
IV. PERFORMANCE EVALUATION A. MULTI-SOURCE LINEAR NETWORK
We define the approach with Minimum Total energy Consumption for transmitting unit bit data to the sink as MTC and define our approach with Minimum Per Node Consumption for transmitting unit bit data to the sink as MPNC. Fig. 8 shows the energy consumption of MTC and MPNC in Rayleigh block fading channels. Fig. 9 shows the energy ratio of MPNC and MTC under Rayleigh fast fading channels. As illustrated in Fig. 8 and Fig. 9 , energy consumption with MPNC is only 1/2 to 1/7 of MTC, which shows that our approach effectively improves the network utilization under Rayleigh fast fading channels. We obtain balanced energy consumption by reducing transmission distance near the sink and increasing it far from the sink, which is named UDNP (unequal distance of nods policy). While nodes have equal distance in previous research, the optimization is named EDNP (equal distance of nods policy). In UDNP, after the optimal node number is given, we deploy nodes with unequal distance to balance energy consumption and improve network lifetime. Table 2 shows the node deployment distance under UDNP in Rayleigh fast fading channels, which means transmission distance is smaller in the near region and bigger in the far region to the sink to achieve balanced energy consumption.
As shown in Fig. 10 , we get the energy consumption under UDNP and EDNP in Rayleigh fast fading channels. Combined with Fig. 11 , we find that the energy consumption with UDNP is reduced by more than 2 times compared with EDNP, which means the network lifetime is improved by 2 times to verify the effectiveness of the approach proposed in this paper.
In addition, we improve network lifetime by decreasing node reliability near the sink and increasing node rehabilitation far from the sink with premise that total reliability meets the requirement of applications, which is named URNP (Unequal reliability of nods policy) in this paper while it is named ERNP (equal reliability of nods policy) in which nodes have equal reliability from preceding researches. The node reliability indicated in Table 3 shows the reliability of nodes near the sink is lower and that of nodes far from the sink is higher under URNP. The first column to the eighth column in table 3 show the node reliability with URNP in Rayleigh fast fading channels, the ninth column shows that the node reliability is 0.986 for each node under ERNP. . 12 shows the network maximum energy consumption under URNP and ERNP. Fig. 13 shows the energy ratio of URNP and ERNP under Rayleigh fast fading channels. We find the maximum energy consumption in ERNP is more Table 4 shows the node deployment distance with UDNP under Rayleigh fast fading channels for the gird network. Fig. 14 illustrates the energy consumption under UDNP and EDNP in Rayleigh fast fading channels. From these results, compared with EDNP, the energy consumption is decreased by more than 4 times with UDNP in the grid network. Table 5 shows the node reliability with URNP in Rayleigh fast fading channels. When the required network total reliability is 0.6413, the reliability for each node is 0.913 with ERNP. From the energy consumption under URNP and ERNP shown in Fig. 15 and Fig. 16 , it has better performance with URNP.
V. CONCLUSION AND DISCUSSION
In this paper, we propose an optimal approach to achieve an optimal utility and guarantee the end-to-end reliability. With this approach, we optimize the single-source linear network, the multi-source linear network and the grid network under Rayleigh fast fading channels. Optimization designs proposed in this paper can also be applied into two-dimensional randomly deployed network [36] [37] [38] . As shown in Fig. 17 , since data routing in such networks is composed of linear networks, such as p 1 , p 2 , p 3 , p 4 , we can adopt the optimization design for linear network described in this paper. The main steps are as the following: (1) Determine the number of nodes in optimal paths (p 1 , p 2 , p 3 , p 4 ). (2) Determine the path distance according to UDNP. (3) Adjust the node reliability according to URNP. With these steps, we obtain optimal configuration for two-dimensional randomly deployed networks. SONGYUAN HAI is currently pursuing the degree with the School of Information Science and Engineering, Central South University, China. His research interest is wireless sensor network.
